Introduction
In recent years, increased interest in medicinal plant has been observed. This is due to the presence of enormous amount of bioactive compounds in herbs. These compounds are related to various beneficial effects on human health [1] . Ginkgo biloba L. is one of the most popular medicinal plants. Both herbal drug products and dietary supplements contain extracts of Ginkgo biloba leaves. This herbal extract is a rich source of bioactive compounds. Phytopharmaceuticals containing Ginkgo extracts are used in the treatment of cerebral and peripheral circulatory disorders, as well as neurological dysfunctions. They improve cognitive functions (memory and concentration), particularly in elderly patients [2] . The therapeutic effect of Ginkgo extracts is linked with the synergistic action of their multiple components. Polyphenols (mainly flavonol glycosides) are the most significant for therapeutic applications because of their antioxidant activity. Free radicals and reactive oxygen species react with important biological macromolecules and contribute to the pathogenesis of many degenerative diseases, such as atherosclerosis, coronary diseases and age-related degenerative brain disorders [3, 4] . The antioxidants neutralize free radicals and therefore prevent destructions caused by those reactive molecules. These properties of phenolic compounds result from their ability to transfer a hydrogen atom or an electron, as well as from chelation of prooxidative metal ions which have the ability to generate free radicals in human cells [5] .
There are many external factors (such as prolonged or improper storage) which affect the quality of herbal medicines. Improper storage conditions can lead to hydrolysis or decomposition of flavonol glycosides. The level of bioactive compounds determines the final antioxidant activity of an extract and its therapeutic efficiency. Therefore, it seems necessary to control its pharmaceutical quality. Because of the complexity of ingredients in herbal drugs, it is really difficult to identify and quantify each of them. Each of its constituents contributes to the safety and quality of the extract. Therefore, the European Medicines Agency and US Food and Drug Administration recommend a chromatographic fingerprinting technique [6, 7] in order to assess the quality, stability and authenticity of herbal medicines. This approach provides a chromatographic pattern of the extract [8] which presents multiple chemical components and their relative concentrations. The information gathered from the fingerprint is much more comprehensive than that provided from the typical approach which focuses on the identity and quantitative assay of individual constituents [9] . Fingerprint chromatograms should be compared to that of a standardized extract to achieve identification and quality control of the herb.
Chemical fingerprint analysis of herbal products has received much attention in recent years. Ding et al. described [10] a fingerprint profile method that allowed the detection of variations of some components among investigated commercial Ginkgo biloba nutritional supplements.
Combination of chromatographic fingerprint with quantitative analysis of active compounds was described by several research groups [9] [10] [11] [12] . The evaluation of fingerprint profiles seems to be useful in quality assurance as well as for determination of adulteration of herbal products [9, 11] . In the mentioned papers [9] [10] [11] [12] , the fingerprint profile method is considered complementary to detailed quantitative analysis. It is known that the curative effect of herbal medicines depends on the simultaneous presence of many chemical compounds in the extracts, in appropriate ratios. Variation in content of constituents can lead to variation in therapeutic effects [11] . Compared to quantitative analysis, the fingerprint method is easier, faster and cheaper [12] . In mentioned papers, fingerprint approach is considered to be a screening tool to eliminate samples that do not meet the quality criteria.
However, in the routine quality control of drug products chemical composition of tested samples is determined but their biological properties usually are not assessed. A modern approach to quality control of herbal medicines should combine chemical analysis with bioactivity analysis, which is directly related to efficacy and safety of phytotherapy. This combination approach would be much more applicable and meaningful. Retention time values and peak areas are given in Table 1 .
Therefore, in this study, it was not essential to know the precise identity of each peak. Rather, the fingerprint chromatograms were treated as a potential source of information about antioxidant activity of phytopharmaceuticals. The aim of this project was to assess the usefulness of selected multivariate techniques in a comparative evaluation of phytopharmaceuticals containing Ginkgo biloba extracts, specifically in terms of their chemical characteristic and antioxidant activity, which determines the therapeutic efficacy in diseases caused by the oxidative stress in cells (such as neurodegenerative and atherosclerotic disorders). Furthermore, the aim of the present study was also to investigate whether the total antioxidant capacity of phytopharmaceuticals can be successfully predicted from the fingerprint chromatograms. A mathematical model based on the chromatographic profile was constructed with the use of multivariate techniques. The predicted antioxidant capacity of herbal medicines should be considered as an important criterion for their quality and as a good measure for their curative effects. In contrast to previously published papers, this paper's focus is on a new approach which combines chemometric techniques with instrumental analysis. This approach will improve and simplify the quality control methods of herbal products.
Experimental Procedures

Materials
In this project, eight herbal products containing dry extract of Ginkgo biloba leaves, including six drug products, two dietary supplements and Ginkgo biloba leaf extract reference material were analyzed. A description of studied formulations is given in Table 2 .
HPLC/DAD analysis
High-performance liquid chromatography with photodiode array detection (HPLC-DAD) was applied to obtain fingerprint chromatograms of commercial Ginkgo extract products. The advantage of this method is the possibility of separation of chemical components of a complex plant matrix, resulting in chemical patterns of herbal medicines in the form of chromatograms. Furthermore, the fingerprint method is especially useful when reference standards for all components are not available.
Sample preparation
The contents of 10 capsules or 10 tablets were powdered in a porcelain mortar. The amount of pharmaceutical formulation equivalent to the declared 40 mg of the Ginkgo extract was accurately weighed into a glass vial, then 10 mL of methanol was added, and it was vortexed for 2 minutes. The sample vial was sonicated in an ultrasonic bath at a temperature of 25°C for 20 min. The obtained solutions after filtration through a 0.45 mm membrane filter were analyzed by HPLC. Three replicates of each sample were performed identically and each sample was injected into a column twice.
The sample solution prepared in the same manner was also used for the determination of antioxidant activity and total phenolic content.
Chromatographic conditions
A GraceSmart ® column (150×4.6 mm, 5 m m) was used for the separation of polyphenolic compounds (mainly flavonoid glycosides fraction) which determine the antioxidant properties of Ginkgo biloba extract. 
Determination of total phenolic content
Total polyphenol content in studied Ginkgo extracts was determined using the Folin-Ciocalteu reagent based on the procedure described by Djeridane et al. and Dóka et al. [13, 14] . This assay is based on the oxidation of phenolic groups present in the studied extracts. The FCR assay (Folin-Ciocalteu reducing capacity) is an operationally simple, reproducible, convenient and widely used method for assessment of antioxidant capacity of samples. The Folin-Ciocalteu reagent is commercially available but the exact chemical nature of the FCR is not known; it is accepted that it contains phosphomolybdic/phosphotungstic acid complexes [15] . The method relies on the transfer of electrons from phenolic compounds to the FCR in alkaline medium Table 2 . List of the studied herbal products containing Ginkgo biloba extract.
Letters mean herbal products from different manufacturers; numbers indicate the different formulations of the same manufacturer.
[ [16] [17] [18] . The result is a blue complex that can be detected spectrophotometrically at 750-765 nm. This procedure is standardized, and the absorption of the product at a long-wavelength minimizes interferences from the sample matrix [15] . A more detailed description of chemical principles of FCR assay can be found in reference [15] . Folin-Ciocalteu reagent (POCH, Poland) and sodium carbonate (POCH, Poland) were used for total phenolic content estimation. Gallic acid (POCH, Poland) was used as a standard for the calibration curve.
Accurately weighed the amount of a pharmaceutical formulation equivalent to 40 mg of Ginkgo extract was prepared according to the method described above, then 0.1 mL of the resultant solution was mixed with 0.5 mL of Folin-Ciocalteu reagent and 2 mL of sodium carbonate solution (20 g/100 mL) and then filled up with deionized water to 10 mL. The absorbance of the reaction mixture was measured by means of spectrophotometer at the wavelength of 750 nm after 30 minutes of incubation in darkness and at room temperature. The absorbance was converted to phenolic contents according to the calibration curve which was prepared for gallic acid within the concentration range from 10 to 120 μg/10 mL (R 2 =0.9983, y=0.0128x + 0.0196). The total phenolic content was expressed as μg gallic acid equivalents per mg of Ginkgo biloba extract (μg GAE/mg extract).
DPPH radical scavenging activity assay
The total antioxidant capacity of the methanolic Ginkgo biloba extracts was determined in a reaction with stable DPPH · radical based on a slightly modified procedure described by Molyneux and Pellati et al. [19, 20] . DPPH · radical scavenging assay is a common spectrophotometric procedure for determining antioxidant capacities of plant extracts [20] . This assay is based on the ability of the extract to scavenge synthetic free radical DPPH · which is expressed in the decrease in absorbance of the sample. The DPPH · radical is a deep purple colour and shows a maximum absorbance at 517 nm. When an antioxidant is added to the radicals, there is a degree of decolorization owing to the presence of the antioxidants, which reverses the formation of the DPPH · radical cation. In this assay, the antioxidants are able to reduce the stable radical DPPH · to the yellow coloured diphenyl-picrylhydrazine. This method is based on the reduction of DPPH · in alcoholic solution. This chromogen is easy to use because it has a high sensitivity and allows for rapid analysis of the antioxidant activity of a large number of samples. DPPH · is a commercially-available and stable organic nitrogen radical. Another advantage is that the DPPH · radical does not have to be generated before the assay, in contrast to many other scavenging assays (e.g. ABTS ·+ assay) [15] . These advantages explain its widespread use in antioxidant screenings and routine determinations of radical scavenging capacity of plant extracts [20] [21] [22] [23] . A more detailed description of chemical principles of DPPH · assay can be found in reference [15] . All the chemicals and reagents were of analytical grade. DPPH (2,2-diphenyl-1-picrylhdrazyl) was obtained from SIGMA, Germany. Methanol was purchased from POCH, Poland. The different concentrations of Ginkgo extracts were tested (ranged from 25 μg/mL to 300 μg/mL). 0.15 mL of the sample was mixed with 1 mL of 10 -4 mol/L DPPH · methanolic solution. The mixture was incubated in the dark at room temperature, and the absorbance was measured after 30 minutes at the wavelength of 517 nm. The DPPH · scavenging activity was calculated by determining the decrease in absorbance at different concentrations of extracts by using the following equation:
Scavenging effect (% Inhibition)=[(A 0 -A t )/A 0 ]×100% where A 0 is the absorbance of a blank sample (DPPH · solution) and A t is the absorbance of a tested sample (DPPH · solution after addition of Ginkgo extract). The antioxidant activity was expressed as an IC 50 value, which was defined as the herbal product concentration (μg/mL) required to cause halfscavenging of free radicals. The half-maximal inhibition concentrations (IC 50 ) were calculated from regression equations, where the abscissa represented the concentration of extracts (μg/mL) and the ordinate the percent of scavenging capacity from the test.
Chemometric analysis
A data matrix for chemometric analysis contained chromatographic peak areas and spectrophotometric measurements (total polyphenols content and DPPH scavenging activity). 11 peaks (marked with the small letters from a to k) were selected from the chromatograms as the most characteristic peaks to evaluate the similarities of the investigated pharmaceutical formulations containing Ginkgo biloba extracts, especially in terms of their antioxidant activity and chemical composition. A complex multivariate data set was formed and the chemometric methods were used to detect general trends and relationships.
Before the construction of the descriptive models, outlying samples were detected and removed from the data set. Furthermore, prior to chemometric analysis, raw data were standardized by subtracting a sample mean from each variable value and dividing it by the standard deviation. This transformation procedure made the distributions of values easy to compare and gave variables the equal importance in the chemometric analysis.
In this study, various strategies for maintaining descriptive and predictive models are presented and discussed. The unsupervised pattern recognition method such as principal component analysis was applied to gain an overview of the structure in the data and to detect similarities or differences among investigated pharmaceuticals in terms of their total antioxidant capacities. Principal component analysis is an exploratory data analysis technique widely used for reducing the dimensionality of the original data set. As a non-parametric method it does not require any assumptions about the statistical distribution of the variables. In this chemometric method, a large number of correlated variables are replaced by a smaller number of new orthogonal factors (called principal components) without losing relevant information, only variables carrying redundant information are rejected from the data set.
Comparative chemometric analysis of the investigated pharmaceutical formulations was also carried out using hierarchical and non-hierarchical segmentation algorithms. In hierarchical cluster analysis, Ward's method as the agglomerative rule and the Euclidean distance as metric were used. Its use obtained segments with minimal internal differentiation. The clusters were defined based on the value of predictors. Hierarchical clustering leads to transparent visualization of internal structure of the studied data in the form of so called dendrogram. This exploratory technique finds similar objects which are classified in the same cluster. Moreover, k-means non-hierarchical segmentation using v-fold cross-validation was also carried out. Thus, the most optimal number of clusters was determined iteratively. The Euclidean distance measure was used. Initial cluster centers were formed by maximizing the initial distance between segments. Clustering techniques are important tools in aimed to reveal natural patterns in data sets. Clusters found in data sets are the significant step towards knowledge discovery [24] , for example about total antioxidant capacity of investigated herbal products.
Apart from descriptive models, a calibration model was constructed by means of regression trees. A binary decision tree was built to explain the relation between the total antioxidant capacity and the fingerprint chromatograms of Ginkgo biloba extracts. The crossvalidation was applied to assess the optimal model complexity and minimize the risk of overfitting. The data space was divided into mutually exclusive regions, containing homogeneous groups of objects according to a target variable. The decision tree consisted of nodes connected by branches representing the explanatory variables [25] . The data set was randomly divided into two subsets (training and testing) in order to construct a reliable calibration model and to test its predictive ability. The testing subset contained 25% of all cases. The advantage of this regression method is undoubtedly the easy visualization of studied data and the interpretability of the results because of a clear set of decision rules. Detailed description of chemometric algorithms used in this project can be found in references [26, 27] . All chemometric calculations were performed with the use of STATISTICA ® 10 software (StatSoft, Tulsa, Oklahoma, USA).
Results and Discussion
Descriptive models
The input data for chemometric analysis was formed by eleven peak areas, measurements of DPPH scavenging activity assay and total polyphenols content assay. The peak areas were used instead of the full spectrum of fingerprints because of the retention time shifts. The data set contained 50 cases and 13 quantitative variables.
In this study, principal component analysis (PCA) as the unsupervised pattern recognition method was carried out to compress and to visualize the data structure. On the basis of the Kaiser criterion (eigenvalues >1), two principal components were considered significant. The first two factors explained over 87% of the total data variability (Figure 3) . The results of PCA for standardized data are presented in Figure 4 . A projection of the samples on the plane defined by the first two principal components indicates that there are some differences in chemical characteristics of investigated pharmaceutical formulations. The samples of herbal drug products and the extract reference material are almost in the same region and are clearly separated from samples of dietary supplements (E, F). Moreover, these dietary supplements also exhibit a distinct separation from one another.
The corresponding loadings are plotted in Figure 5 . These loadings express how well the principal components correlate with the original variables. Furthermore, some correlations between variables can also be shown in the loading plot. The first factor is related to the chemical composition of the sample (expressed as peak areas on the chromatograms; peak areas are marked with small letters: a, c, d, e, f, g, h, i, j). The second factor is mainly associated with the DPPH radical scavenging activity (expressed as IC 50 value) and total polyphenols content (TPC), with loadings -0.882 and 0.795, respectively. Figure 5 also clearly shows a negative correlation between IC 50 value and TPC. Therefore, it can be concluded that phenolic compounds are good antioxidants. In the score plot of PC1-PC2 (Figure 4) , two dietary supplements (products E and F) are located far away from the main bulk of the data. Product F has a high positive score value on PC2, whereas product E has a negative score value on PC2, which also indicates that their antioxidant activity is varied. DPPH radical scavenging activity seems to play a significant role on the distinguishing of these two dietary supplements. Product E exhibits both the lowest antioxidant activity and the lowest level of phenolic compounds; while product F indicates high DPPH radical scavenging activity and high level of phenolic compounds. The loadings plot of PCA ( Figure 5) indicates that the first factor is mainly correlated with the chromatographic profile of investigated pharmaceutical formulations. In the score plot (Figure 4) , it can be observed a clear separation of products E and F from the other samples. Thus, it can be concluded that dietary supplements have definitely different chromatographic patterns in contrast to herbal drug products. These differences in the chromatographic profiles are responsible for separation of dietary supplements and herbal medicines.
This multivariate exploratory technique allows for an easy interpretation of relationships between the investigated pharmaceutical formulations and the measured parameters. The projection of samples on the plane defined by significant factors provides a visual determination of the similarity among the samples. Some general trends (such as inhomogenity in chromatographic patterns of herbal drug products and dietary supplements) in the data structure were revealed.
The data matrix was also subjected to cluster analysis. The results of hierarchical clustering technique are shown in Figure 6 , in the form of a dendrogram. A clear separation of dietary supplements and herbal drug products can be observed, which is in accordance with the results of the principal component analysis. The samples classified into one cluster are associated with similar chemical properties. All investigated herbal drug products and Ginkgo biloba extract reference material are grouped together in one cluster. Two main clusters, shown in the dendrogram, have additional substructures. In the first cluster, the following two subgroups of samples are observed: the first one containing drug products: A1, B1, A2, D and the second one containing drug products: B2, C and the extract reference material. In the second cluster there are two single-element subgroups. Both the cluster analysis and the principal component analysis indicate that there are significant differences among the samples of dietary supplements and herbal drug products.
K-means clustering, which is one of non-hierarchical clustering techniques, provides more information about investigated samples. The most optimal number of clusters was determined iteratively by means of v-fold cross-validation. As seen in graph of cost sequence (Figure 7) , the best number of clusters is 4. From a comparison of the obtained clusters (Figure 8 ), it can be observed that herbal products belonging to cluster 1 and cluster 4 show the largest areas of nine separated peaks (a, c, d, e, f, g, h, i, j). Whereas, the value of IC 50 is the predictor which differentiates these two clusters. Cluster 4 contains samples with higher antioxidant activity. It is possible to distinguish two single-element clusters, each formed by samples of dietary supplements. Contrary to the chromatograms of drug products, the chromatogram of product E is characterized with the smallest areas of nine peaks (a, c, d, e, f, g, h, i, j) and the largest area of peak b. Furthermore, product E is characterized by the lowest content of polyphenols and the lowest antioxidant activity. Product F is richer in phenolic compounds and indicates higher DPPH scavenging activity than the dietary supplement marked with the letter E.
In two chromatograms coming from dietary supplements, uncharacteristically predominating peaks (b, k) can be indicated, which may suggest an adulteration. Herbal products are sometimes adulterated with the inexpensive flavonoids such as rutin, which is used to artificially increase the total flavonoid content [9] . The producers of both these dietary supplements (product E and F) declare that the quality of their products is in accordance with the standardized Ginkgo biloba extract specification. Different components proportions than those characteristic for the standardized Ginkgo extract are not a guarantee of therapeutic efficacy in cerebral and peripheral circulatory disorders [2] . In this study, two investigated dietary supplements were found to have different chromatographic patterns than the tested herbal drug products. These dietary supplements are not equivalent to herbal medicinal products and should not be used in a phytotherapy.
Evaluation of the relationship between DPPH scavenging activity and total phenolic content
The descriptive statistics for the total content of phenolic compounds and the results of antiradical activity of investigated formulations are shown in Table 3 and Table 4 . The values of DPPH radical scavenging activity for tested samples (expressed as IC 50 value) ranged from 172.17 to 237.96 μg/mL. The highest activity was determined in the extract reference material and in drug product C. Furthermore, the extract reference material exhibited also the highest level of phenolic compounds. The comparative analysis of polyphenolic fractions content in the herbal products was performed using the one-way analysis of variance. Significant differences (P<0.05) between investigated products were indicated. There were also statistically significant differences (P<0.05) in the antioxidant activity of samples. Simple linear regression analysis was used to assess the relationship between DPPH scavenging activity and total content of phenolic compounds ( Figure 9 ). A significant negative correlation was found between the value of IC 50 and TPC (r=-0.7668, P<0.01). This relationship indicates that the antioxidant activity of herbal products containing Ginkgo extract can be attributed, at least partially, to the polyphenols content. Thus, the phenolic compounds are significant components responsible for antioxidant capacity in these extracts.
Predictive model
In this study, the tree regression algorithm was used as a modeling tool for prediction of total antioxidant activity (expressed as IC 50 value) based on the chromatographic description (11 peak areas) of the pharmaceutical formulations containing Ginkgo biloba extract. The results are presented in Figure 10 , in the form of a tree graph. As it can be seen, if the area of peak b is smaller than or equal to 2500042 (mAU × min), the IC 50 value would be 181 μg/mL. If this peak area is larger than 2500042 (mAU × min) and the area of peak a is smaller than or equal to 1292729 (mAU × min), then the IC 50 value would be 240 μg/mL and thus the antioxidant activity of the sample would be the lowest.
The results of this analysis imply that the peak b area is a variable with very high predictive value. Samples with a peak b area smaller than 2500042 (mAU × min) exhibit the highest antioxidant activity. In order to evaluate the accuracy of prediction for the obtained regression model, correlations between the calculated and experimental values of IC 50 were determined both for a training (r=0.960) and testing (r=0.949) subset. The obtained model gives insight into the mutual relations hidden in the dataset. Furthermore, it indicates that there are some features in the chromatographic profile of investigated herbal products which are directly responsible for their antioxidant activity. The obtained regression tree model can predict the total antioxidant activity based on the chromatographic description of the formulation. Apart from predictive abilities, this model also provides constructive conclusions about the chemical variability of samples. In order to consider the model as final and complete, more cases should be included in both the training and testing subset.
Conclusions
The analysis of series of compounds and their mutual proportions by means of a fingerprint chromatography coupled with chemometric techniques seems to be a more rational solution than quantitative and qualitative determination of each ingredient in a multi-component plant extract. This is due to the fact that the curative effect of herbal medicines depends on the simultaneous presence and appropriate ratios of many chemical compounds in the extracts. The descriptive models, obtained by various data exploration techniques, distinguished between tested samples which were similar in terms of their antioxidant activity and chemical composition (expressed as chromatographic peak areas). The cluster containing dietary supplements was clearly separated from the rest of samples by all algorithms. These results imply that dietary supplements are not equivalent to herbal medicinal products and therefore they cannot guarantee safe and effective phytotherapy.
Chemometric methods combined with instrumental analysis could improve and simplify quality control tests. This approach could allow for a quick verification of herbal product quality by comparison with the herbal extract reference material.
The results of this study indicate that information about the antioxidant activity of samples can be extracted from chromatograms. Therefore, regression models should be considered as useful tools in a routine screening of pharmaceutical formulations. The antioxidant activity (predicted on the basis of chromatograms) may be one of the measures of product quality and therefore its therapeutic efficacy for diseases associated with oxidative disorders in human cells.
